The mechanical and thermal properties of chitosan/agar/poly vinyl alcohol (CS/AG/PVA) ternary blended films having various proportions considering chitosan as the main component were investigated. The various variables static water contact angle such as contact angle, drop base area, drop volume and drop height was also studied in correlation with the variation of time. Results obtained from mechanical measurements showed a noticeable increase in the tensile strength (TS) coincided with a sharp decrease in elongation percent at break (E%) of blended films with increasing agar and PVA contents. The DSC results prevailed the development of an interaction between chitosan individual components: agar and PVA. Moreover, an enhancement of the wettability of the blends was obtained with increasing agar and PVA contents. It was also found that the pure CS film and the blended films with 90/05/05 and 80/10/10 compositions were more affected by time than blended films with other compositions when the contact angle, the drop height and the drop length were studied as a function of time. In addition, when the drop is initially placed on the substrate, the drop area and the drop volume of all films remained almost constant up to a certain time after which they showed a slight difference with the elapse of time.
Introduction
Natural polymers have attracted an increasing attention over the last two decades, mainly due to their abundance, environmental concerns and anticipated depletion of petroleum resources.
This has led to a growing efforts in developing chemical and biochemical processes to obtain and modify natural polymers and to utilize their inherent properties for a wide range of applications in different fields 1, 2 . Blending of natural polymers with synthetic ones is an interesting method to obtain new materials in which the former properties are improved to suit particular applications 3 . Among natural polymers, chitosan occupies a special position duo to its versatility in that it enhances its medicinal value by blending with synthetic and natural polymers to its extended applications. Recently, some ternary blended films, such as chitosan/ PVA/gelatin 4 and chitosan/PVA/pectin 5 were reported. However and up to the knowledge of the authors, reports on modification of chitosan by blending with agar and PVA in a ternary blend have been very scarce. A combination of these three polymers is expected to lead to chitosan based films with improved properties including degree of swelling, tensile strength and surface wettability as a result of their interactions by hydrogen bonding.
In previous articles, we studied the effects of agar and PVA contents separately on the properties of chitosan at different ratios considering chitosan as the major component [6] [7] [8] [9] . In this study, we report on the preparation of chitosan/agar/PVA ternary blended films obtained by physical solution blending of chitosan, agar and PVA at various proportions with chitosan representing major components using the same amount of agar and PVA. The mechanical, thermal (measured by DSC) and surface (determined by contact angle measurements) properties of these ternary blended films were also investigated.
Experimental
Shrimp source chitosan with a degree of deacetylation (DD) of 88.1% determined by UV method 10 was purchased from a commercial source. The agar was purchased from Sigma and its average molecular weight was 1.3x10 4 g mol -1 . The PVA from Fluka (56-98) had an average molecular weight of 195x10 3 g mol -1 . Acetic acid (glacial 100%, pro-analysi) was purchased from Merck (Darmstadt, Germany). Ultra pure water (Maxima Ultra Pure Water, Elga-Prima Corp, UK) with a resistivity greater than 18 MΩ/cm was used to prepare all solutions. All chemicals were used without any further purification.
Preparation of CS/AG/PVA ternary blended solutions
10 g L -1 solution of CS was prepared by dissolving 5 g of chitosan in 500 mL acetic acid (0.1 M) (using a volumetric flask) followed by stirring and heating at 60 o C overnight. The solution was filtered to remove dust and other traces of impurities. To ensure a complete dissolution of CS, the residue of filtration was attempted to be dissolved in acetic acid of the same concentration but it remained. Air bubbles were eliminated by keeping the solutions at room temperature for 2 h. A similar 10 g L -1 solution of AG as well as PVA were prepared by dissolving 5 g of each polymer in 500mL preheated ultrapure water. The solutions was then stirred and kept at about 90 o C for 2 h. Then, CS and AG solutions were blended together under continuous stirring at around 94 o C for 30 min to form a homogenous blend solution to ensure that the added components particularly AG remain in a liquid form during blending. Finally, CS, AG and PVA solutions were homogenously blended at 94 o C for 30 min to form ternary blended solutions having various selected compositions as presented in Table 1 taking into consideration CS as the major component in the obtained blends. 
Preparation of CS/AG/PVA ternary blended films
The ternary blended solutions (10 mL each) were poured onto polystyrene petri dishes followed by drying at 60 o C for 48 h. The resultant blended films were peeled off gently and kept under evacuated desiccator over fresh silica gel until use. All films obtained were transparent and free of air bubbles.
Film thickness
The film thickness was measured with a digital micrometer (Mitutoyo, Japan) with 0.001 mm resolution. Several thickness measurements were taken at several points of the film and then, the average was calculated. The thicknesses of the films were found to be around 15 µm.
Methods

Molecular weight measurements
The molecular weight of chitosan was 5.5×10 5 g. mol -1 as determined by gel permeation chromatography (GPC) using the procedure described elsewhere 11 .
Mechanical properties
The mechanical properties were measured using a universal mechanical tester (Instron, Model 5566, USA) according to the ASTM D 882-91. Dumbbell-shaped specimens of 50 mm length with a neck of 28 and 4 mm width were used. The measurements were carried out at 23 o C and 50% relative humidity and at crosshead speed of 50 mm/min. A minimum of five specimens were tested for each sample and the average was recorded.
DSC measurements
Differential scanning calorimetric (DSC) studies were performed using a DSC Mettler Toledo (model DSC822e). The samples were scanned under a nitrogen atmosphere in a temperature range of 40-150 o C at a constant heating rate of 10 o C/min in two-heating runs.
Contact angle measurements
The static water contact angles of the films were measured at room temperature by the drop method using an optical contact angle meter CAM 200 (KSV Instruments Ltd, Helsinki, Finland) to examine the surface wettability of the films. The substrates used for the experiments were glass microscope slides (25.4×76.2 mm, 1-1.2 mm thick). Each slide was cleaned before use by soaking in ethanol overnight. 7 μ L of distilled water was carefully injected on the film surface before conducting the measurement which extended to 24 second. The contact angles were measured on both sides of the drop and averaged. Each reported contact angle represents the mean value of at least 10 measurements.
Results and discussion
Tensile strength and % of elongation at break Figures 1 and 2 present the tensile strength and the % of elongation at break of the CS/AG/PVA blended films with different AG and PVA proportions respectively. As it can be seen, all the CS/AG/PVA ternary blended films recorded higher values of tensile strength than the pure chitosan. The TS increased gradually as the amounts of AG and PVA increased until the ratio 60/20/20, which recorded the highest value of TS (50.76 MPa) then the TS decreased slightly. This improvement in TS could possibly be due to the interaction between -OH and -NH 2 groups originated from chitosan and -OH groups present in agar and PVA. On contrary, E% was found to sharply drop upon blending with AG and PVA regardless of their concentrations compared to that of pure CS recorded suggesting an increase brittleness of the blended films despite the increase in their strength. Figure 3 depicts the DSC curves of the blended CS/AG/PVA films together with their pure CS film. As can be seen, the DSC first run curve of CS film shows a broad endothermic peak at about 79 o C, which shows agreement with previous studies 12, 13 . This peak is attributed to the bound water in the film. The ternary blended films exhibited broad endothermic peaks in the range of 77.3 to 79.6 o C (Table 2 ). This was combined with the absence of any significant difference in the endothermic peak areas of the films, i.e., blended films do not vary much in their water-holding capacity. Another point to be noted is that all ratios have lower values of T D (the dehydration temperature) than the pure CS except the ratio 70/15/15, which showed higher T D .
DSC measurements
This variation on the position could be due to the physical and molecular changes caused by the molecular chains interaction between the CS, AG and PVA, which leads to form more stable films Figure 4 shows the second heating run of the DSC, which was conducted to decrease the water content in the films. The first point to note is the absence of the endothermic peak confirming that this peak is attributed to the water content in the samples. Also, smaller peaks of melting transition at different temperatures appeared in the DSC curves of CS/AG/PVA blended films with various blend ratios ranging from 217.3 to 219.6 °C as shown in Table 2 . Contact angle measurements (surface hydrophilicity) Figure 5 shows the static water contact angle of the pure CS film and its ternary blended films with AG and PVA at various proportions. The static contact angle of the pure CS was found to be 88 o (±1.91), which is in a good agreement with the literature 14, 15 . Whereas, the contact angle of the blended films were found to be in the range of 88 o (±2.15) to 80 o (±0.75) (less than 90 o ) indicating the remaining of a great deal of hydrophobicity levels of the surfaces of the obtained blended films. It was also found that there is almost no change in the static water contact angle up to 10% of AG or PVA beyond which a decreasing trend is obtained with the increase in AG or PVA content in the blend i.e., an increase in the wettability of the surface of the ternary blended films can be achieved upon having AG and PVA contents in the range of 15-25%. The nearly constant values of static water contact angle are most likely due to the dominance of chitosan at film surface despite the presence of 10% AG or PVA. However, as minor components concentration increase, more hydrophilicity is imparted to the blended films surfaces causing an improvement in the wettability of the films i.e. reduction in static water contact angle. Figure 6a shows the variation in the water contact angle with time for the pure CS and its ternary blended films with AG and PVA having different proportions. The contact angle of the pure CS film and that of 90/05/05 and 80/10/10 ternary films decreases rapidly after making the initial contact on the substrate. However, the ternary films of other concentrations showed a gradual decrease in contact angle with time. These results also showed that the addition of the AG and PVA to chitosan can increase the hydrophilic nature of chitosan. The change in contact angle with time could be due to evaporation, surface oxidation or dissolution 16 . Similar behaviour was observed when the drop height was studied as a function of time (Figure 6b ). In addition, opposite behaviour was pronounced regarding the drop length versus time (Figure 6c ). Figure 6d . When the drop is initially placed on the substrate, the drop area remains constant up to certain time after which it showed a slight increase with respect to the pure CS film together with 90/05/05 and 80/10/10 ternary films whereas a slight decrease in the rest of the ternary films could be observed.
However, the drop volume remains almost constant for the pure CS together with 90/05/05 and 80/10/10 ternary films while showing a very slow decrease with the elapse of time for the rest of the films (Figure 6e ). This suggests that the volume change is mostly due to evaporation. Nevertheless, such evaporation takes place depending on the level of hydrophilicity which increases with the increase of AG or PVA in blend from 15-25%.
Conclusion
Ternary blended films of chitosan/agar/poly vinyl alcohol (CS/AG/PVA) were prepared at various proportions. The properties of the obtained blended films were determined using universal mechanical tester, DSC and contact angle measurements. Results revealed that the mechanical properties of the blended films showed an increase in the tensile strength coupled with a decrease in the elongation % at break with the increase in the content of the agar and PVA. The DSC analysis showed that the interaction between chitosan, agar and PVA mostly taken place. It was also found that better wettability is obtained with increasing agar and PVA contents. In addition, the pure CS film and the blended films with 90/05/05 and 80/10/10 ratios were found to be more affected by time than the other blended films when the contact angle, the drop height and the drop length are studied as a function of time. However, when the drop is initially placed on the substrate, the drop area and the drop volume of all films showed a slight difference with the elapse of time.
